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INTRODUCTION
One constant improvement taking place in metallurgy is steel cleanliness. During steelmaking after melting, one important step is deoxidation. This step is accomplished by adding elements that react with oxygen to form oxides [1] . These will migrate into the slag casted. Several alloys can be used for deoxidation [2] . In this study, the aim is to deoxidize as simply as possible and still have good steel cleanliness. The choice was made to add aluminum at different steps of the process. Aluminum is already being used in factories as the only deoxidizer [3] . The addition of aluminum will form Al 2 O 3 , which can create solid inclusions that are deleterious for steel mechanical properties such as impact toughness and fatigue. Aluminum also has an impact on the shape of the MnS inclusions [4] [5] [6] . The aluminum residual content should not fall below 0.015 wt.% to prevent the apparition of Type II MnS -the worst type for mechanical properties [6, 7] .
There are three types of sulfide inclusions [8] . Type I is spherical, gray, and randomly distributed, and it is the least-deleterious of the three types. Type II is elongated, gray or yellowish, and aligned more or less discontinuously; this is the most-deleterious for steel. Type III is polyhedral, gray, and located at the triple seals of the solidification grains. Examples of sulfide inclusions are shown in Figure 1 . Fig. 1 . Example of sulfur inclusion: a) Type I, ×800; b) Type II, ×500; c) Type III, ×500 [9] a) b) c)
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There are also oxide inclusions; these are round and black not at all easy to see with an optical microscope. Other types of inclusions exist, but they are not found in this grade of steel.
The study of deoxidation will be done through a chemical analysis and counting. The use of a spectrometer and SEM-FEG will allow us to observe its effects. In order to do this, a casting protocol must be established, and a comparison with existing methods is necessary.
EXPERIMENTS

Steel elaboration
The specification of the steel used is G20 Mn5 (AFNOR) or 1.6220 (AISI) and its composition is described in Table 1 .
During this work, ingots are poured in green sand molds in our laboratory. The melting takes place in a medium-frequency induction furnace with a maximum power of 100 kW and capacity of 10 liters. The volume of the castings is 2.1 liters: sufficiently small to remain on the laboratory scale but sufficiently large to maintain a certain representativeness of the industrial parts. The ingot was previously designed by a numerical simulation thanks to the QuikCAST software: it takes 10 secs to fill the mold and about an hour to solidify. The ingot's dimensions are presented in Figure 2 .
All cast ingots are analyzed in the laboratory via two main characterization techniques: spark spectrometry (for their chemical composition) and FEG microscopy (for the quantification of the inclusion population). This method will be detailed in Paragraph 2.2.
In order to demonstrate the influence of deoxidation on the inclusion property, it was necessary to set up a casting protocol to control and vary the deoxidation of the steel. For this, two types of deoxidation were carried out in this study:
• According to industrial processes that currently use 1 kg of Al per ton of steel, some aluminum was added directly inside the furnace to kill the bath.
• Additional varying quantities of aluminum were added inside the ladle to play a role in the microstructure.
Two meltings were made in this study; the protocol of the aluminum addition is described in Table 2 . For Melting 1, aluminum was added only in the ladle, so Step 2 from Figure 3 is skipped. For the first pouring, aluminum was placed at the bottom of the ladle, and for the second and third pouring, it was added in the middle of the ladle. Step 1: before heating loading the 10-liters furnace
Step 2: aluminium addition
Step 3: pouring melt steel in ladle and Al addition
Step 4: pouring in mold 60 kg ingots: grade G20 Mn5
Heating ( For Melting 2, aluminum was added in the furnace (Step 2, Fig. 3 ) and a second addition was made in the ladle for Tests 5, 6, and 7. For Test 4, no aluminum was added in the ladle, so part of Step 3 was skipped.
The ingots are cut, and a sample is withdrawn in the center as shown in Figure 4 . SEM analyses are made in the center of the ingot on a surface of 11 mm² -the same surface observed in other competing software [10] for these kinds of analyses.
Characterization methods
To analyze the ingots' chemical compositions, spark spectrometer HORIBA has been used. In order to define the steel cleanliness, a method has been defined many years ago and is described in the standard NF EN 10247 [8] . This consists in counting inclusions on 20 random fields with ×500 magnification. All types of inclusions have then been classified in a table, and the coefficients have been calculated to define the steel cleanliness. One drawback of this method is that some inclusions may be missed because the observer will not have distinguished them from the porosity.
In our study, the identification and classification of the inclusions has been realized automatically on a JEOL SEM-FEG (Scanning Electron Microscopy -Field Emission Gun). Image analysis software AZTEC (developed by Oxford) identified the different shades of gray of a sample to define the morphology of the inclusion and give its chemical composition by an EDS analysis. The chosen magnification is ×500 (the same as the optical method), referring to the NF EN 10247 norm [8, 11, 12] . For this, a meticulous metallographic preparation is obligatory. The camera movement and EDS analyses are automated. The scanned fields are saved for possible future review.
The first step of this analyze is the acquisition of the first field (Fig. 5) . The size of the field corresponds to the size of the optical method. The gray levels are defined in such a way as to detect a maximum number of particles (no matter their type). The studied area (as defined in Figure 4 ) has to be representative of the total sample in order to detect all types of inclusions.
The second step is automation. A large surface is defined by the operator; the software divides this large area into elementary fields (the same area as for the optical methods) and detects and analyzes each particle inside each elementary field. The chosen surface is determined in the software, and on each field, particles are detected and then analyzed. Several surfaces can be examined (as shown in Figure 6 ). This means that different samples can be analyzed during the automation. In Figure 6 , we can see one surface whose automation is done and another surface whose analysis is still in progress; each light gray (green) part corresponds to one field. The size of the field is the same as that presented in Figure 5 . The last step is classifying the particles thanks to chemical analyses. The whole defined area chosen by the operator can be analyzed, or only a part of it (randomly selected by software). The method of classifying the particles is done according to their chemical composition and morphology. The classification of the morphology is made thanks to determining the threshold of the ratio of the equivalent diameters. It is comparable to the classification used in competing software [10] . This classification will apply to all of the particles after analysis and is the same for each surface evaluated. The software also identifies the shape of the inclusions, so a classification of the different types of sulfide inclusions is made [8] .
As the system is automated, the time-saving is enormous when compared to conventional observation under an optical microscope. The conventional method is based on the counting of inclusions on 20 random fields of the same size as in Figure 5 . The covered area is then less wide than with the software, and the accuracy for detecting the inclusions is subjective to the observer. For the same amount of time it takes to count the inclusions in 20 fields in the optical method, around 80 fields will be analyzed with the software; and more, the chemical composition of the inclusions will be determined, and shape measurement will be done. Another advantage is the easier way of distinguishing the porosity from the inclusions (thanks to the chemical composition).
RESULTS
Aluminum addition
The aluminum addition is based on the proportion used in the industry, which means 1 kg/ton of steel.
For Melting 1, aluminum was added only in the ladle. For the first pouring (1), aluminum was added at the bottom of the ladle, and for the second (2) and third (3) pouring, aluminum was added in the middle of the ladle. If it refers to Figure 3, Step 2 is skipped. No aluminum is added in the furnace.
In the second melting, aluminum is added in the furnace and in the ladle. All steps from Figure 3 are realized. Table 3 shows the residual amount of aluminum in the steel. Test 1 (aluminum added in the bottom of ladle) shows that it is better to add aluminum in the middle of the ladle. Furthermore, the carbon content is far from the expected value (0.31 wt.%).
In the case of a unique addition in the furnace (Test 4), no residual aluminum is detected, as it was totally consumed. Only the aluminum added in the ladle appears in the residual amount.
The aluminum's addition in the furnace is necessary for killing the bath. It also reduces the activity in the oxygen, which can create defects like porosity in the steel. The aluminum completely reacts with the oxygen in the furnace. This can explain the very low residual amount of aluminum in the steel in Test 4. Figure 7 shows that residual aluminum is proportional to aluminum added in the ladle. The aluminum is well-integrated; so, the oxygen activity must be very low, and the process of pouring steel from ladle to mold is not enough to generate a renewal of oxygen activity.
Impact of aluminum deoxidtion on steel cleanliness
SEM/FEG analyses were made on three types of deoxidation (as seen in Table 2 ):
• Aluminum added in furnace, Test 4, • Aluminum added in ladle, Tests 2 and 3, • Aluminum added in both, Tests 5, 6, and 7.
Then, these particles are classified and reported in Table 4 . https://journals.agh.edu.pl/jcme
The important amount of porosity in Tests 2 and 3 show that deoxidation in the ladle alone is insufficient. So, it is necessary to kill the bath thanks to the addition of aluminum inside the furnace. Tests 4, 5, 6, and 7 highlight that this step allows us to reduce number of porosities by 3. Nevertheless, the transfer between the furnace and the ladle causes a reoxidation of the steel. This is why an additional deoxidation has to be done in the ladle. This phenomenon is shown by the presence of Al 2 O 3 in the steel in Tests 5, 6, and 7 realized with two aluminum additions. Finally, the amount of Al 2 O 3 in Tests 5, 6, and 7 is more or less equivalent. So, the quantity of Al 2 O 3 is independent of the weight of the aluminum added for the second deoxidation. This is why the minimum addition of Al (Test 7) is sufficient for the deoxidation in the ladle.
First, Tests 2 and 3 have been realized to show the repeatability of the experimental protocol and of the characterization method. The results shown in Table 4 being nearly similar reveals this repeatability. Deoxidation in the furnace in addition to traditional deoxidation in the ladle can really improve the oxygen treatment in steel.
The quantity of MnS Types I and III is at its lowest level with aluminum added in the furnace. MnS Type II is the worst type of inclusion (as previously seen) [8] . The total amount of sulfide is not correlated with the residual amount of sulfur (Tab. 3); however, the amount of sulfur could affect the size and morphology of the inclusions.
In Test 5, the quantity of MnS inclusions is lower. The sulphide nucleation could be related to the amount of aluminum. So, the hypothesis is that the quantity of those particles could be equivalent to that of Tests 6 and 7, but their size is too small to be detected with the parameters chosen in the software. Because of this singularity in Test 5, it would be interesting to analyze the sizes and morphology of the inclusions in more-exhaustive ways (which are possible thanks to the AZTEC software).
CONCLUSION
First, this study gives information about steel elaboration and particularly its deoxidation. The whole process of deoxidation used in this study was realized during two different steps in the steelmaking; in the furnace, and in the ladle. Characterizations of the obtained steel using spark spectrometer and SEM with software image analyses allow us to determine the best process of deoxidation. Spark spectrometer shows that aluminum is totally consumed in the furnace but completely integrated in the ladle. The oxygen activity consumes the aluminum in the furnace, but the rest of the oxygen activity is too low in the ladle to consume all of the aluminum. The porosity in steel is also lower with a deoxidation furnace (as the SEM analyses show). So, completing deoxidation with a furnace aluminum addition increases the quality of the steel. The content of 1 kg/ton is still enough in the ladle to complete deoxidation. To complete these results, measurement of the oxygen activity in liquid steel by the adapted equipment would be helpful to confirm the choice of deoxidation.
Then, the analyses of inclusion cleanliness show that the quantity of sulfur in the steel does not affect the quantity of the MnS inclusions. The mechanism of MnS nucleation is more linked to the alumina quantity than sulfur quantity. MnS morphology can evolved with the deoxidation process. A better mastery of AZTEC would allow for a finer analysis concerning the counting and inclusion classification.
Finally, the numerical method of inclusion counting makes it possible to cover a larger surface in less time than the traditional optical method (for the same surface, the numerical method is 4.6 times faster than the optical method). It also makes it possible to obtain all of the chemical compositions of all of the particles. This method also reduces the bias of the observer during the inclusion count. This avoids missing inclusions or counting porosities as inclusions. The software makes it possible to distinguish between the globular and elongated types of MnS inclusions, but this method needs to be further studied in order to draw conclusions about their respective quantities in steel. This software is very efficient and shows possible improvements in aluminum deoxidation in low-carbon steel. 
